The genetic characterization of Native Mexicans is important to understand multiethnic based features influencing the medical genetics of present Mexican populations, as well as to the reconstruct the peopling of the Americas. We describe the Y-chromosome genetic diversity of 197 Native Mexicans from 11 populations and 1,044 individuals from 44 Native American populations after combining with publicly available data. We found extensive heterogeneity among Native Mexican populations and ample segregation of Q-M242* (46%) and Q-M3 (54%) haplogroups within Mexico. The northernmost sampled populations falling outside Mesoamerica (Pima and Tarahumara) showed a clear differentiation with respect to the other populations, which is in agreement with previous results from mtDNA lineages. However, our results point toward a complex genetic makeup of Native Mexicans whose maternal and paternal lineages reveal different narratives of their population history, with sex-biased continental contributions and different admixture proportions. At a continental scale, we found that Arctic populations and the northernmost groups from North America cluster together, but we did not find a clear differentiation within Mesoamerica and the rest of the continent, which coupled with the fact that the majority of individuals from Central and South American samples are restricted to the Q-M3 branch, supports the notion that most Native Americans from Mesoamerica southwards are descendants from a single wave of migration. This observation is compatible with the idea that present day The ability to reconstruct human population history using uniparental systems has motivated a deluge of genetic studies during the last decades. However, several geographic regions remain underrepresented in comprehensive surveys of human genetic variation. One such region is Mesoamerica, a wide area covering centralsouthern Mexico and part of Central America (including regions from Guatemala, Belize, El Salvador, Honduras, Nicaragua, and Costa Rica). Despite different civilizations arising in this region, Mesoamerica comprised an interrelated cultural area that constituted one of the two centers of the New World civilization (Carmack et al., 1996; López-Austin and López-Lujá n, 2001 ). The impact of post-Columbian European and African admixture with Native Mexicans is of great interest to understand disease susceptibility in Mexican populations (Bryc et al., 2010) , as well as to reconstruct the history of Mesoamerica and the peopling of the Americas (Mulligan et al., 2008) .
paternal lineages reveal different narratives of their population history, with sex-biased continental contributions and different admixture proportions. At a continental scale, we found that Arctic populations and the northernmost groups from North America cluster together, but we did not find a clear differentiation within Mesoamerica and the rest of the continent, which coupled with the fact that the majority of individuals from Central and South American samples are restricted to the Q-M3 branch, supports the notion that most Native Americans from Mesoamerica southwards are descendants from a single wave of migration. This observation is compatible with the idea that present day Mexico might have constituted an area of transition in the diversification of paternal lineages during the colonization of the Americas. Am J Phys Anthropol 148: [395] [396] [397] [398] [399] [400] [401] [402] [403] [404] [405] 2012 . V V C 2012 Wiley Periodicals, Inc.
The ability to reconstruct human population history using uniparental systems has motivated a deluge of genetic studies during the last decades. However, several geographic regions remain underrepresented in comprehensive surveys of human genetic variation. One such region is Mesoamerica, a wide area covering centralsouthern Mexico and part of Central America (including regions from Guatemala, Belize, El Salvador, Honduras, Nicaragua, and Costa Rica). Despite different civilizations arising in this region, Mesoamerica comprised an interrelated cultural area that constituted one of the two centers of the New World civilization (Carmack et al., 1996; López-Austin and López-Lujá n, 2001 ). The impact of post-Columbian European and African admixture with Native Mexicans is of great interest to understand disease susceptibility in Mexican populations (Bryc et al., 2010) , as well as to reconstruct the history of Mesoamerica and the peopling of the Americas (Mulligan et al., 2008) .
Numerous studies on this region have focused on Mestizo populations using autosomal markers (Rangel-Villalobos et al., 1999; Cerda-Flores et al., 1987 , 2002a Cerda-Flores and Garza-Chapa, 1989; Felix-Lopez et al., 2006; Wang et al., 2008; Silva-Zolezzi et al., 2009 ) as well as Y-chromosome markers (Rangel-Villalobos et al., 2000 , 2001a ,b, 2008 Tarazona-Santos et al., 2001; LunaVazquez et al., 2003 LunaVazquez et al., , 2005 LunaVazquez et al., , 2008 Hernandez-Gutierrez et Additional Supporting Information may be found in the online version of this article. Licea-Cadena et al., 2006; Torres-Rodriguez et al., 2006; Gorostiza et al., 2007; Gutierrez-Alarcon et al., 2007; Rubi-Castellanos et al., 2009a,b; Salazar-Flores et al., 2010) . These studies have shown a substantial contribution of Native American ancestry to extant Mexican Mestizo populations, supported by additional studies based on mtDNA sequences (Torroni et al., 1994; Green et al., 2000; Gonzá lez-Oliver et al., 2001; Peñ aloza-Espinosa et al., 2007; Sandoval et al., 2009; Kemp et al., 2010) . Other studies have also described the paternal genetic diversity in Mexican indigenous groups (RangelVillalobos et al., 2000; Barrot et al., 2005; Felix-Lopez et al., 2006; Paez-Riberos et al., 2006; Kemp et al., 2010) ; however, a better understanding could be gained by putting this characterization into context with the continental landscape. Previous studies on continental genetic structure identified by autosomal markers (Wang et al., 2007; Yang et al., 2010) , have reported a North-to-South reduction of diversity in the Americas, consistent with early studies based on Y-chromosome diversity showing patterns of low haplotype diversity in Native American populations (Ruiz-Linares et al., 1999; Underhill et al., 2001; Salzano, 2002) . Concerning Y-chromosome variation, components of both Q1a3 and C3 subhaplogroups are viewed as prehistoric Native paternal lineages in the Americas while all other haplogroups are considered to reflect the consequences of post-Columbian contact. The nearest molecular ancestors to Q and C subhaplogroups in Native Americans are rare elsewhere, with the exception of northern Asia, where they reach frequencies of 28 and 18%, respectively (Mulligan et al., 2004) . With the identification of the haplogroup Q defining M242 SNP (Seielstad et al., 2003) , the age of Q haplotypes in the Americas was estimated at 15,000-18,000 ybp (Bortolini et al., 2003) . Although haplogroup Q is present in 76% of Native Americans (Zegura et al., 2004) , the Native American C3-M217 associated haplogroups have only been detected among the Na-Dene-speaking Tanana, Navajo, Chipewyan, and the Amerindian Cheyenne Karafet et al., 1999; Bortolini et al., 2002 Bortolini et al., , 2003 Zegura et al., 2004) . The higher haplotypic diversity of C-M130 lineages in eastern Siberians and Asians (Lell et al., 2002) and an estimated coalescent for C-M130 of 25,000-30,000 ybp (Karafet et al., 1999; Underhill et al., 2000) , is consistent with an Asian origin for C-M130, This inference is bolstered by other age estimates for the entire C lineage and the Native Americanspecific C3-P39 as 27,500 6 10,100 and 2,550 6 1,910 ybp, respectively Karafet et al., 2002) .
Here, we report the haplogroup composition based on Y-chromosome STR and SNP data for 197 unrelated individuals from eleven native populations from Mexico belonging to two independent cultural and geographical areas: Tarahumara and Pima from northern Mexico (outside Mesoamerica); and Triqui, Mixtec, Otomi, Xochimilco Nahua, Zitlala Nahua, Atocpan Nahua, Ocotitlan Nahua, Purepecha, and Yucatec Maya, all from CentralSouth Mexico and within the Mesoamerican area. These populations belong to four different linguistic families (Campbell, 1986 (Campbell, , 1997 Mithun, 1990 Mithun, , 1999 , Uto-Aztecan including Tarahumara, Pima, and the Nahua languages; Otomanguean including Triqui, Mixtec, and Otomi; Mayan including Yucatec Maya, and finally Tarascan including the isolate Purepecha.
We combined our data with additional continental populations to analyze the Y-chromosome diversity in 1,044 individuals from 44 Native American populations to determine the distribution of paternal lineages within Mexico in contrast with the continental landscape and evaluated its correlation to geographical, cultural, and linguistic factors. In addition, we contrasted our results with the female counterpart for the same populations as revealed by mtDNA analysis (Sandoval et al., 2009 ) and found a remarkable differential contribution between maternal and paternal lineages in Mesoamerica.
MATERIALS AND METHODS
Populations studied Figure 1 .
Y chromosome genotyping
DNA concentration of all samples was normalized to 1 ng/ll using the Quantifiler TM Human DNA Quantification Kit (Applied Biosystems). Three SNPs (M45, which defines the major haplogroup P; M242, which defines haplogroup Q; and M207, which defines haplogroup R) were genotyped in all individuals in 5ll reactions. The reactions contained 1 ll of DNA template, 0.25 ll of 203 SNP Genotyping Assay, 1.25 ll of sterile-filtered water and 2.5 ll of TaqMan 1 Universal PCR Master Mix. Each individual was amplified under standard conditions with TaqMan 1 probes (Applied Biosystems). Those individuals not assigned within the major haplogroup P, were genotyped for marker M130 (which defines haplogroup C), and a subset of 69 Native Mexicans and 7 Quechua individuals belonging to haplogroup Q were genotyped for marker M3 (Underhill et al., 1996) , which defines haplogroup Q1a3a within clade Q (hereafter referred to as Q-M3). After the PCR amplification, allelic discrimination was done with SDS Software TM v2.3 (Applied Biosystems) to determine the haplogroups defined by the SNPs previously described.
A total of 17 Y-STR loci (DYS19, DYS385a/b, DYS389I, DYS389II, DYS389II, DYS390, DYS391, DYS392, DYS393, DYS437, DYS438, DYS439, DYS448, DYS456, DYS458, DYS635, and GATA-H4) were amplified with the AmpFlSTR 1 Yfiler TM PCR Amplification Kit (Applied Biosystems). PCR products were discriminated in an ABI 3130 3 l genetic analyzer and the allele sizes were determined with GeneMapper v3.2. Software.
pare the Mexican data with other Native American populations, haplotype information of seven Y-STRs (DYS19, DYS389I, DYS389II, DYS390, DYS391, DYS392, and DYS393) were collected from the literature. After combining with our Native Mexicans and filtering populations with extreme low sample sizes (N \ 9) a total of 44 populations were included in the database and used for further analyses (Supporting Information Table S1 ). Individuals belonging to non-Native American haplogroups according to (Bortolini et al., 2003) were excluded for all estimations except for the Correspondence Analysis (CoA; see below). For some analyses, population samples were grouped into major subcontinental areas: North (675 individuals from 28 populations from Alaska to Mexico), Central (79 individuals from 4 populations from Guatemala to Panama), and South America (290 individuals from 12 populations from Colombia southwards) for a total of 1,044 individuals analyzed (see Supporting Information Table S1) .
Population genetic structure was tested in Mexican and Native American populations with the analysis of molecular variance (AMOVA; Excoffier et al., 1992) using the Arlequin program v3.11 . Genetic relationships among Mexican and continental populations were analyzed with two approaches. The first approach was based on genetic distances (using R ST ) calculated with Arlequin program v3.11 and represented in a multidimensional scaling plot (MDS). The second approach was based on haplogroup absolute frequencies to construct a CoA plot. Both analyses were performed with STATISTICA 7 package (http://www.statsoft.com).
Median joining networks were constructed using Network 4.5.1.0 package (Bandelt et al., 1999) for the Native American haplogroup Q (Bortolini et al., 2003) . The time to the most recent common ancestor was estimated for the Q lineage. Y-STRs weights were determined according to Hurles et al. (2002) . The mutation rate considered was one mutation per 571 years, calibrated on the evolutionary rate of each locus reported in the Y-chromosome haplotype reference database (YHRD, www.yhrd.org) as of March 23, 2010.
RESULTS

Paternal lineage composition in native Mexicans
Few SNPs are needed to define the major haplogroups found in the Americas since only two major haplogroups are associated with Native American populations: haplogroup Q; and at lower frequency, haplogroup C (Zegura et al., 2004) . After genotyping four Y-chromosome SNPs, the 197 Native Mexican individuals were classified into major haplogroups (Table 1) . The most frequent haplogroup in Native Mexican populations was haplogroup Q (85.3%), that is defined by the M242 mutation and constitutes the major lineage among Native Americans, but is also widely distributed in North Eurasia and some Siberian populations (Karafet et al., 2008) . In contrast, within clade Q, haplogroup Q-M3 (Q1a3a) is almost completely restricted to the Americas (Zegura et al., 2004) . In a subset of 69 Native Mexicans additionally genotyped for Q-M3, we observed that 54% belong to Q1a3a (Table 1) , whereas a much higher proportion (86%) was found in a subset of Quechua individuals, indicating that the ancestral lineages of Native Mexicans are less restricted to Q-M3 bearers compared with some South American populations. Interestingly, the population within Mexico with the largest count of ancestral states for Q-M3 was the northernmost group, namely the Pima. Conversely, the Maya group showed the largest count of derived states for Q-M3. Haplogroup C, the other major lineage found in Native Americans (so far observed exclusively in North America), was not observed in our Native Mexican sample. Other haplogroups with nonNative origin were found in our sample set, including haplogroups outside clade P (12.7%), and R (2.03%), which is the most common haplogroup in European populations (Karafet et al., 2008 ; see Table 1 ). The presence of these non-Native lineages in Native Mexicans is most plausibly the result of recent admixture since colonial times. In almost all Mexican populations the admixture proportion was similar except for the Xochimilco Nahuas, where significant differences were observed when compared with Triqui (exact test of differentiation, P 5 0.003) and Pima (P 5 0.0007) samples. These last two populations showed a high percentage of Q native haplogroup (100 and 96%, respectively).
Of the 176 individuals belonging to haplogroup Q, 106 different haplotypes (Supporting Information Table S2) were observed. Table 2 summarizes the results for the 17 STRs analyzed on 168 Native Mexican samples and the 8 Quechua samples used for comparison. Interestingly, Pima and Tarahumara, the northernmost samples, exhibited the lowest diversity values (average genetic diversity and pairwise differences), which are the only non-Mesoamerican populations.
An analysis of molecular variance (AMOVA) based on R st genetic distances was performed to define the population structure of Mexican populations according to sample size, geographic and linguistic criteria (Table 3) . To avoid biases due to admixture of different non-Native haplogroups, AMOVA estimations were performed only with Native American haplotypes. To determine whether the four Nahua groups had to be considered as a single group, an AMOVA was performed among the Nahua samples. Certain heterogeneity (P \ 0.05) among Nahuas was found (10.18%). To corroborate this result, an exact test of population differentiation was performed (P \ 0.05).
Since both results showed a clear differentiation within the Nahua populations, for most of the analyses they were considered as four separate groups, except for those analyses in which sample size was relevant. Particularly, Xochimilco and San Pedro Nahuas were treated as a single group, since they do not represent separate dialects, are close geographically, and no statistical differences were observed when an AMOVA was performed between these two populations (3.58%; P 5 0.2). The AMOVA showed that when all Mexican populations were considered as a single group (11 populations), 16.30% (P \ 0.05) of the genetic variance was found between populations, showing a notable genetic heterogeneity among Native Mexican populations. When two groups (northern samples versus Mesoamerican samples) were compared, the AMOVA showed significant differences between the two groups: 8.43% (P \ 0.05). Nonsignificant proportions of the variance (22.17%; P 5 0.7) were explained by the fact of belonging to one of the four language families in the sample; this suggests a lack of correlation between Y-chromosome STR haplotype diversity and linguistic affiliation. When only populations with at least 10 individuals (7 groups) were considered (Mixtec, Purepechas, and Otomi were discarded due to their low sample size, and Nahuas from Xochimilco and San Pedro were considered together as a single group), 16.80% (P \ 0.05) of the genetic variance was found between all populations, showing again notable genetic heterogeneity among Native Mexican populations. When cultural groups (northern versus Mesoamericans) were considered, significant values were found (8.22%: P \ 0.05). When the linguistic classification (three families represented) was considered, again nonsignificant values were found (23.09%; P 5 0.8).
In the MDS calculated with Mexican populations that only belong to haplogroup Q based on R ST genetic distances (obtained from the full set of 17 Y-STR loci), Tarahumara and Pima were located apart from the rest in the first dimension, whereas the rest of the populations did not show a clear clustering ( Fig. 2A) . Additionally, for the Correspondence Analysis (CoA) performed with Mexican populations (Supporting Information Fig. S1 ), only samples with more than 10 individuals (only 7 groups) were considered (Mixtec, Otomi, and Purepecha were excluded). The first dimension, which explains 88.19% of the variation, separates Q-M242 and Q-M3 haplogroups. Pimas and Mayas were projected closer to Q-M242 and Q-M3, respectively. The second dimension was driven by the presence of non-Native (R and non-P) lineages in some populations, mainly Tarahumara, Nahua from Xochimilco, and Maya, denoting higher proportions of European admixture in these populations (Supporting Information Fig. S1 ). Table S1 ). d Geographic grouping structure as in Supporting Information Table S1 . e In this case North America includes Aleut, Choctaw, Creek, Chippewa, Cherokee, Sioux, Dogrib, and Tanana (based on cultural groups as in Fig. 2B ).
Mexican populations within the American genetic landscape
To compare the genetic diversity found in Mexico with the rest of Native American populations at a continental scale, a comprehensive database of previously reported Y-STR and SNP data was constructed and combined with our data. A total of 44 populations with available data for a common subset of 7 STRs were included in the database. Out of those, 27 populations (7 from North America, 12 from Mexico, 4 from Central America, and 4 from South America) had all three major native haplogroups reported (C-M130, Q-M242, and Q-M3), and were thus used to perform a CoA based on absolute haplogroup frequencies (Fig. 3) . The first dimension of the CoA (60.53%) separates Q-M3 from the rest, and the second dimension (39.47%) C-M130 from the rest. In agreement with the known distribution of haplogroup C, we observed that the two northernmost populations of this panel (Chippewa and Sioux) cluster next to C-M130 and the rest of populations show varying proportions of Q-M242 and Q-M3. It is noteworthy that Native Mexicans are the only regional group with populations represented next to both the Q-M242 cluster and the Q-M3 cluster. In contrast, all Central and South American samples were grouped significantly closer to the Q-M3 haplogroup (Fig. 3) .
A broader picture was obtained when MDS analyses were performed at a continental scale using R ST genetic distances based on 7 STRs from the full panel of 44 populations (Fig. 2B) . In the two-dimension plot (stress value 5 0.142) it is clear that the first dimension is driven by a strong differentiation of the northernmost populations from the rest: Dogrib and Tanana, both belonging to the same linguistic family (Athapaskan), Aleuts (Alaska Peninsula), Minnesota Chippewa (Northeast USA), and Sisseton Wahpeton-Sioux (Northeast USA). The second dimension appears to be driven by highly isolated tribes, such as the two Yanomami groups from the Amazon, and Bari from Venezuela. No clear clusters were observed among the rest of populations.
To formally test whether Native American samples clustered, an AMOVA considering the American database was performed (Table 3) . When samples were considered as a single group, a high degree of genetic heterogeneity between populations 20.47% was found (P \ 0.05). To ascertain whether this heterogeneity was caused by geographical factors, three continental groups (North, Central, and South) were considered. The AMOVA showed that nonsignificant 1.22% (P [ 0.1) of the genetic variance was due to differences between these three subcontinental groups, whereas the genetic variance within the three groups remained highly significant (19.73%; P \ 0.01), suggesting an important genetic heterogeneity within the subcontinental areas and a lack of continental structure. One plausible explanation for this lack of structure is that when considering all territories from Mexico northwards as a part of the same group, the existing differences between the northern populations and the rest is homogenized by the inclusion of Mesoamerican populations. In fact, when Fig. 2 . Genetic relationships among Mexican and continental populations. A: Two-dimensional MDS plot of Native Mexicans based on R ST genetic distances using 17 Y-STR loci (stress value 5 0.090). Labels in bold indicate non-Mesoamerican populations. B: Two-dimensional MDS plot of Native American populations from the continental database based on R ST genetic distances using 7 Y-STR loci reported in all available datasets (stress value 5 0.142). A total of 44 populations were grouped into 6 major cultural areas. Fig. 3 . Two-dimension CoA based on absolute frequencies of the three major native haplogroups (Q-M242, Q-M3, and C) reported in all available datasets. Twenty-seven Native American populations included. Mexican populations were classified separately to contrast their haplogroup composition against North, Central, and South American populations. Selected populations are labeled within each group to ease interpretation. continental populations were grouped into only two categories (North America versus all other), highly significant differences were obtained (18.51%; P \ 0.01), in agreement with the observed clustering pattern in the MDS analysis (Fig. 2B) . Furthermore, when populations were grouped into six major cultural areas (North America, Aridoamerica, Mesoamerica, Central America, Amazon, and Andes), the differences among groups (6.63%) remained significant (P \ 0.05).
To test the correlation between paternal lineages and continental linguistic groups, an additional AMOVA was performed classifying the 44 Native American populations into 22 different linguistic families (see Supporting Information Table S1 ). It is noteworthy that significant differences between linguistic groups were found: 11.60% (P \ 0.01), suggesting a genetic differentiation of linguistic groups in the Americas when a broader representation of continental linguistic families are considered, but not within linguistic Mexican groups.
Analysis of haplogroup Q in native Mexicans
To establish the genetic relationships between the YSTRs haplotypes observed in our sample set, a median joining network was constructed for haplogroup Q, in which only Native Mexican haplotypes with 17 STRs were included. A star-like pattern without population clustering was observed, with the exception of one cluster mainly formed by Pima individuals (Fig. 4) . The estimated age for haplogroup Q in Native Mexicans was 6,436 (6913) ybp. This cluster of mainly Pima individuals (shaded area in Fig. 4 ) comprised 10 different haplotypes, from which 9 were found in Pimas (30 individuals) and one in Tarahumaras (4 individuals). It is noteworthy that these two populations are the northernmost samples in the analysis and that they do not belong to what is strictly defined as Mesoamerica. This cluster was characterized by one haplotype shared between 12 Pimas (13, 13, 17, 12, 16, 23, 10, 14, 13, 14, 11, 12, 19, 17, 15, 22, and 11 , same STR order as the one described in Y chromosome genotyping section). The age estimation for this cluster was 2,486 (6 785) ybp.
DISCUSSION
We have explored the Y-chromosome diversity of Native Mexican populations and contrasted to continental patterns of variation and distribution across the Americas. Due to the presence of a substantial proportion of non-Native American (mainly European) male lineages in our samples (see Table 1 ), the Y-chromosome haplogroup composition of Native Mexican populations shows a notable contrast with previous results from the mtDNA counterpart for the same populations (\0.5%, Sandoval et al., 2009) . These results suggest a sexual bias in the introgression of non-Native American lineages in native populations, consistent with previous studies performed in different Latin-American populations (Dipierri et al., 1998; Sans et al., 2002; CarvajalCarmona et al., 2003; Gonzalez-Andrade et al., 2007; Mendizabal et al., 2008) . In addition, there is variation in the Y-chromosome admixture proportions among Native Mexican populations, with the highest proportion of non-Native haplotypes (32%) in the urban cosmopolitan sample of Xochimilco Nahuas, whereas Triqui and Pima (with the highest proportion of Native American haplotypes) are two indigenous groups well known to be characterized by their geographic and cultural isolation.
Interestingly, Pima and Tarahumara, the northernmost samples, exhibit the lowest diversity values, based on haplogroup Q composition (average genetic diversity and pairwise differences, see Table 2 ). This observation is in total agreement with our previous results based on mtDNA diversity of the same set of samples, where we found a clear differentiation of the two northern populations from the rest (Sandoval et al., 2009 ). In addition, they present significant differences in Y-chromosome variation compared to the Mesoamerican samples as shown in the AMOVAs, and some of their lineages clustered differentially in the haplogroup Q network (see the highlight cluster in Fig. 4 ). Pima and Tarahumara are the only sampled populations outside the cultural, linguistic, and geographic region of Mesoamerica. Different geographic and climate conditions between North America and Mesoamerica might have created over millennia this genetic discontinuity between both geographical areas.
An additional evidence of differentiation was obtained by directly genotyping the M3 mutation that defines the Q1a3a haplogroup within clade Q. We found ample segregation of both Q-M242* and Q-M3 haplogroups within Mexico, with Pima and Triqui showing the lowest and Maya the highest counts of Q-M3 individuals. This scenario differs drastically with other regions at a continental scale. The fact that we observed the vast majority of individuals from Central and South American populations to be restricted to the Q-M3 branch, is compatible with the notion that most Native Americans from Mesoamerica southwards are descendants from a single wave of migration. In contrast, paternal lineages in Mexico trace back their origin not only to the Q-M3 branch but also to other branches outside Q-M3 within haplogroup Q. This observation supports the idea that present day Mexico might have constituted an area of transition in the diversification of paternal lineages during the colonization of the Americas, with a larger proportion of individuals being more remotely related to the Q-M3 primogenitor, in particular those from Northern Mexico such as the Pima or extremely isolated groups such as the Triqui.
Overall, we found extensive heterogeneity among Native Mexican populations where the strongest signal of differentiation is driven by the northern populations outside Mesoamerica, both within Mexico and at the continental scale. With the modest resolution provided by a limited number of markers, we found a lack of genetic structure within Mesoamerica and the rest of the continent, which is likely the result of a shared recent ancestry from Mesoamerica southwards resulting in lower levels of differentiation compared with the more divergent northern populations from the Arctic and North America. Likewise, we did not find a correlation between linguistic affiliation and Y-chromosome diversity within Mexico, which is also consistent with previous observations of mtDNA diversity in Native Mexicans (Sandoval et al., 2009 ). However, some correlation between linguistic and genetic diversity is found for the paternal lineages at a continental scale, suggesting a genetic link between linguistically close populations regardless their geographical location. Most of the genetic and linguistic correlations found in human populations have been attributed to their correlation with geography; that is, genes and languages are correlated because of geography . In the analysis of male lineages in Native Americans, this correlation is primarily captured at the very broad continental scale and when North American populations are contrasted with the rest, probably as a result of distinct migration waves leaving a deep genetic signature in these major groups. Most likely, many more markers (even hundreds of thousands and genome-wide distributed) are needed to have enough power to explore fine-scale patterns of genetic structure within sub-continental regions of the Americas.
Finally, we conducted a phylogenetic analysis on the native haplotypes to perform some historical inferences in Mexican populations. Haplogroup Q (defined by M242 mutation) is one of the two main branches of the major Y-chromosome lineage P, which originated 26,600-41,400 ybp (Karafet et al., 2008) . It has been established that the bearers of M242 mutation migrated eastward across Siberia until they reached the north-eastern point of Asia through the Bering ice corridor about 15,000-20,000 years ago (Cavalli-Sforza et al., 1994; Torroni et al., 1994; Ray et al., 2010) . Haplogroup Q represents a recent paternal founder for the Native American populations into the peopling of the Americas (Bortolini et al., 2003; Seielstad et al., 2003) . The diversity of haplogroup Q in Native Mexicans is around 6,436 (1913) ybp, that is, well within the aforementioned ranges, pointing to a recent origin of these haplotypes. It is noteworthy the common and recent origin of a cluster in Pima and Tarahumara, which could be related to a common expansion in the area located northern of the Mesoamerica border.
Overall, our results offer a detailed picture of the male-specific genetic composition of a dense panel of Native Mexican populations and reveal that Mesoamerican populations played a crucial role in patterning the subsequent diversification of paternal lineages during the colonization of the Americas. A north to south gradient of decreasing diversity has been well documented before, yet here we are able to locate a region in which one of the major breakpoints of diversity took place at a continental scale as revealed by Y-chromosome markers. Further studies at larger, genome-wide, scales integrated with further linguistic and archaeological knowledge are necessary to extend the characterization of Native American genomes to a much finer scale.
